Young Stellar Objects (YSOs) and in particular protostars are known to show a variety of high-energy processes. Observations in the X-ray and centimetric radio wavelength ranges are thought to constrain some of these processes, e.g., coronal-type magnetic activity. There is a well-known empirical correlation of radio and X-ray luminosities in active stars, the so-called Güdel-Benz relation. Previous evidence whether YSOs are compatible with this relation remains inconclusive for the earliest evolutionary stages. The main difficulty is that due to the extreme variability of these sources, simultaneous observations are essential. Until now, only few YSOs and only a handful of protostars have been observed simultaneously in the X-ray and radio range. To expand the sample, we have obtained such observations of two young clusters rich in protostars, NGC 1333 and IC 348. While the absolute sensitivity is lower for these regions than for more nearby clusters like CrA, we find that even in deep continuum observations carried out with the NRAO Very Large Array, the radio detection fraction for protostars in these clusters is much lower than the X-ray detection fraction. Very few YSOs are detected in both bands, and we find the radio and X-ray populations among YSOs to be largely distinct. We combine these new results with previous simultaneous Chandra and VLA observations of star-forming regions and find that YSOs with detections in both bands appear to be offset toward higher radio luminosities for given X-ray luminosities when compared to the Güdel-Benz relation, although even in this sensitive dataset most sources are too weak for the radio detections to provide information on the emission processes. The considerably improved sensitivity of the Expanded Very Large Array will provide a better census of the YSO radio population as well as better constraints on the emission mechanisms.
Introduction
Young Stellar Objects (YSOs) have been known for some time to be observable in X-ray and radio emission, tracers of high-energy processes (e.g., Feigelson & Montmerle 1999) . Briefly, thermal X-ray emission is thought to be produced by hot plasma heated in coronal-type activity while non-thermal radio emission traces magnetic fields that may be cospatial to and confining the Xray emitting plasma. YSOs are typically grouped into classes, starting with class 0/I protostars as the earliest stages, and progressing through diskdominated class II objects to basically diskless class III sources, also known as weak-line T Tauri stars. These objects are progressively less embedded, and the importance of first the protostellar envelope and then the protostellar disks diminishes (Lada 1987; André et al. 1993 ).
There are several effects which complicate a direct comparison of the high-energy processes of YSOs and solar-like stars. Circumstellar disks, a defining characteristic of protostars, may affect the overall shape of the magnetic field, for example by providing support for large magnetic structures connecting the central object and the disk. Radio emission may be dominated by either nonthermal emission originating in magnetic fields, or thermal emission from the disk or stellar wind. The latter is usually interpreted as thermal bremsstrahlung due to ionized material while the former most frequently is (gyro)synchrotron radiation (e.g., Dulk 1985; André 1996; Güdel 2002) . Note that thermal emission can easily conceal nonthermal emission from underneath due to its optical depth. André (1987) estimate that a spherical ionized stellar wind of only a few 10 −11 M ⊙ yr −1 is already opaque. While it may thus seem unlikely that there is a chance to detect any nonthermal emission from protostars at all, such cases have been reported (Feigelson et al. 1998; Shirley et al. 2007 ).
There are a few different methods to identify nonthermal radio sources in contrast to thermal sources. The two primary indications are polarization and negative spectral indices, as derived from the two simultaneously measured radio bands. Here, the spectral index α is defined as S ν ∝ ν α , and a negative spectral index α < −0.1 is an indication of optically thin nonthermal emission (e.g., André 1996) . While a two-frequency spectral index is not a very reliable indicator, the detection of polarized emission is the most unambiguous sign of non-thermal emission as observed with the VLA. However, due to the small degree of polarization (e.g., White et al. 1992; Feigelson et al. 1998) , high S/N ratios are required to meaningfully detect or constrain such polarization. A third indication is the existence of short-term variability.
While it is not obvious that thermal hot-plasma X-ray emission and nonthermal radio emission should have an observable underlying connection, certain types of solar flares and a variety of active stars have been shown to have correlated Xray and (nonthermal) radio luminosities according to the so-called Güdel-Benz (GB) relation, L X /L R ≈ 10 15±1 Hz, extending over 10 orders of magnitude (Güdel & Benz 1993; Benz & Güdel 1994; Güdel 2002) . The explanation which these authors suggested for the nearly linear correlation between X-ray and radio luminosities relied on a common energy reservoir for both plasma heating and particle acceleration, and a similar partitioning of energy into these two processes over 10 orders of magnitude in stellar luminosity. For a recent summary of the X-ray-radio correlation in cool stars, see Forbrich et al. (2011) .
The early studies on correlated X-ray and radio luminosities of different object classes included some weak-line T Tauri stars (class III sources) as powerful radio and X-ray sources, even though the underlying observations were non-simultaneous. It is therefore interesting to find out whether YSOs in earlier evolutionary stages, particularly class I protostars -strong X-ray and radio sources in their own right -are compatible with the GB relation. Since YSOs are highly variable, this question is preferably addressed by simultaneous X-ray and radio observations. Until now, there have been few such observations of YSOs. V773 Tau, a T Tauri star, became the first YSO observed in this way, and radio variability exceeding the X-ray variability was found (Feigelson et al. 1994; Guenther et al. 2000) . Bower et al. (2003) reported the serendipitous simultaneous radio and X-ray observation of a spectacular radio flare toward a weak-line T Tauri star in Orion (GMR-A). In the first study targeting a subset of an entire star-forming region, Gagné et al. (2004) observed the ρ Oph cloud complex with Chandra and the NRAO Very Large Array. Several T Tauri stars were detected in both wavelength ranges, but no clear X-ray-radio correlation was found. Subsequently, succeeded in detecting several class I protostars in the CrA starforming region simultaneously in the X-ray and radio wavelength ranges. Among the YSOs in CrA detected in both bands, most are compatible with the GB relation. Most recently, Osten & Wolk (2009) report the detections in both bands of several T Tauri stars in the LkHα 101 cluster. Here, no clear X-ray-radio correlation was found.
In an attempt to observe more protostars simultaneously in the X-ray and radio wavelength ranges, we have observed selected regions in two more young clusters, IC 348 and NGC 1333. Previously published observations carried out with the Spitzer Space Telescope serve as an excellent road map to locate YSOs in early evolutionary stages in these clusters. Two-frequency radio observations help us in potentially discriminating between nonthermal and thermal radio sources, based on the value of the radio spectral indices. We will discuss the results in the context of previous simultaneous radio and X-ray observations of YSOs.
The target regions: IC 348 and NGC 1333
Located in the Perseus Molecular Cloud, both IC 348 and NGC 1333 are prominent nearby starforming regions (for recent reviews, see Herbst 2008 , respectively, and Bally et al. 2008 . The most accurate distance has been determined toward NGC 1333 by measuring the parallax of the bright maser source SVS 13 (Hirota et al. 2008) , yielding 235±18 pc. IC 348 is slightly more distant at about 260 pc (Lombardi et al. 2010) . The star formation activity in both regions has been surveyed extensively. Most relevant for our purposes are studies using the Spitzer Space Telescope to identify and classify YSOs in early evolutionary stages by their infrared excess emission. Lada et al. (2006) analyzed ∼300 previously known members of IC 348 and classified them by their disk properties, distinguishing stellar (photospheric), anemic, and thick-disk spectral energy distributions (SEDs). The main basis for this classification is the dereddened Spitzer -IRAC slope. In a follow-up paper, Muench et al. (2007) identified and analyzed new cluster members, including embedded class I protostars. Their class II category corresponds to the thick disks from Lada et al., even though the spectral indices of some thick disk sources from Lada et al. (2006) qualify as class I sources according to Muench et al. (2007) . To use a consistent classification, we follow the spectral index limits in Muench et al. (2007) without separating out flat-spectrum sources. The class III objects in Muench et al. (2007) correspond to the anemic and photospheric sources in Lada et al. (2006) . The NGC 1333 region was similarly surveyed by Gutermuth et al. (2008) who employ a three-phase technique to identify YSOs. Our focus here is on the youngest evolutionary stages. This is due both to scientific interest and the fact that in both regions previous surveys have been most complete for class I and class II sources. However, our study also reveals class III sources. Since the Spitzer studies cannot distinguish class 0 and class I sources, we additionally use the sources identified by Enoch et al. (2009) in Perseus to find the class 0 sources among the Spitzer class I sources. Compared to star-forming regions that have previously been targets of simultaneous X-ray and radio observations (see above), IC 348 and NGC 1333 are about twice as distant as Taurus, ρ Oph, and CrA, but at less than half the distance of LkHα 101.
Previous radio observations
Both IC 348 and NGC 1333 have been observed with the NRAO 1 Very Large Array (VLA) prior to our own observations. Our region of interest in IC 348 has been observed by Avila et al. (2001) who present a deep radio dataset centered on HH 211. Their concatenated dataset has a quoted rms noise sensitivity of 12 µJy and consists of a short C array observation obtained in 1994 and 9.7 h of on-source time using 11 VLA antennas in 1999. The phase center of these observations lies ∼ 9 ′ off our position 1 (see below) and ∼ 2 ′ off our position 2.
NGC 1333 was studied in VLA observations of SVS 13 and its surroundings. After an initial study (Rodríguez et al. 1997 ) with two observations reaching sensitivities of 30 µJy and 20 µJy, deep concatenated archival datasets in the 3.6 cm (X) and 6 cm bands (C) were presented by (Rodríguez et al. 1999) . While these datasets contain data obtained in various configurations, a common subset of the uv plane has been used for the combined data, resulting in angular resolutions of 4 ′′ -5 ′′ in both bands. The phase centers of these observations coincide with our southern pointing (see below) whereas our northern pointing is off by ∼ 7 ′ .
Observations and data analysis
Both IC 348 and NGC 1333 have been observed with very similar observational setups. Since the Chandra-ACIS field of view (17 ′ × 17 ′ ) is considerably larger than the VLA primary beam, we have selected two VLA pointings within the Chandra fields (see Figure 1) . Using the VLA with two distinct subarrays allows us to record two different radio frequencies simultaneously.
IC 348
A region centered on RA 03h43m59.90s, Dec +31
• 58 ′ 21.70 ′′ was observed with Chandra ACIS-I in two 40 ksec observations on March 13 and on March 18, 2008 (IDs 8933 and 8944) . Simultaneous radio observations were carried out with the VLA in its C configuration (project ID S9056). Two subarrays were used to cover the X and C bands simultaneously, using 13 antennas in X band and 14 antennas in C band. Two pointing positions within the ACIS-I field of view were observed alternatingly, RA 03h44m13.58s, Dec +32
• 00 ′ 24.21 ′′ (position 1) and RA 03h43m52.96s, Dec +32
• 02 ′ 44.21 ′′ (position 2). Total on-source time for each pointing and frequency is approximately 10.0 hours. The full-width half-maximum primary beam sizes in the X and C bands are 5.3 ′ and 9.6 ′ , respectively. An absolute flux density scale was established by an observation of 3C147 on the second day of observations. The phase calibrator 0336+323 was observed after each 20 min scan on one of the two pointing positions. The primary calibrator (3C147) was at 4.68 Jy (Xband) and 7.86 Jy (C-band), and the phase calibrator 0336+323 had bootstrapped flux densities of 1.24 Jy (X-band) and 1.68 Jy (C-band).
NGC 1333
A region centered on RA 03h29m02.00s, Dec +31
• 20 ′ 54.00 ′′ was observed with Chandra ACIS-I in two 40 ksec observations on July 5 and on July 11, 2006 (IDs 6436 and 6437) . Simultaneous radio observations were carried out with the NRAO Very Large Array (VLA) in its B configuration (project ID S7874). Two subarrays with 13 antennas each were used to cover the X and C bands simultaneously. Two pointing positions within the ACIS-I field of view were observed alternatingly, RA 03h29m14.072s, Dec +31
• 22 ′ 40.06 ′′ (position N) and RA 03h29m04.941s, Dec +31
• 15 ′ 54.37 ′′ (position S). The total on-source time for each pointing and frequency is approximately 9.4 hours and the typical on-source scan-duration was 15 minutes. An absolute flux density scale was established by observations of 3C286 on both days of observations. The phase calibrator 0336+323, the same that was also used for IC 348, was observed after each scan on one of the two pointing positions. The primary calibrator (3C286) was at 5.20 Jy (X-band) and 7.49 (C-band), and the phase calibrator 0336+323 had bootstrapped flux densities of 1.91 Jy (X-band) and 2.28 Jy (Cband).
Sensitivity
Given the different sizes of the fields of view of Chandra-ACIS and the VLA, there is a tradeoff between increasing spatial coverage by using several VLA pointings and increasing sensitivity by observing only one position. Additionally, observations at only one frequency would be more sensitive than the use of two frequencies, either by using two subarrays or by observing separately. As a compromise, we opted for a setup using two pointings and two frequency bands: a loss of sensitivity. Compared to a setup where we would maximize sensitivity by observing a single position with all antennas at one frequency, we lose a factor of 2· √ 2=2.8 in flux density sensitivity. Primarily due to the different distances to starforming regions, this study is not as sensitive as the ρ Oph study by Gagné et al. (2004) or the CrA study by . Our observation strategy is a compromise between the one employed by Gagné et al. (2004) who used a mosaic of VLA pointings to cover the Chandra field and Forbrich et al. (2006) who maximized sensitivity by using only one pointing position and frequency. We show a more detailed comparison of the various simultaneous Chandra and VLA observations of star-forming regions in Table 1 .
Data reduction and analysis
All VLA observations were analyzed using the NRAO Astronomical Image Processing System (AIPS), following standard procedure. After data flagging and calibration, the primary beam areas of both experiments were imaged using a robustness power of 0 for uv weighting as a compromise between sensitivity and synthesized beam size. For the best sensitivity in subsequent source detection both observing epochs of the two clusters were combined for imaging. Source detection was performed using the AIPS task 'SAD' above a S/N ratio of 5. All maps have rms noise levels near the theoretical expectation of 18 µJy, based on the VLA Exposure Calculator 2 , assuming 10 hours of Note.-The radio and X-ray sensitivities have been determined using the 5σ radio detection limit in either C or X band and assuming a 5 count detection limit of an unabsorbed source with an APEC hotplasma spectrum (with a temperature of 1 keV) in the Chandra data, as determined using PIMMS (Mukai 1993 ).
a Gagné et al. (2004) assume d = 165 pc, but see discussion in Wilking et al. (2008) .
b From simultaneous observations. For deeper radio and X-ray data, see Forbrich et al. (2006) and .
on-source time at full bandwidth, effectively 86 MHz, and 13 antennas. The fitted source flux densities were corrected for primary beam attenuation and the peak flux densities from the fits are reported in the tables. Radio upper limits were determined on maps that were previously corrected for primary-beam attenuation. The synthesized beam sizes are on the order of 2.5 ′′ (IC 348) and 0.8 ′′ (NGC 1333) in X band and on the order of 4.0 ′′ (IC 348) and 1.2 ′′ (NGC 1333) in C band.
The Chandra X-ray observations have been reduced using the ANCHORS pipeline (AN archive of Chandra Observations of Regions of Star formation 3 ). The X-ray observations of NGC 1333 have already been published elsewhere (Winston et al. 2010) . Full details of the ANCHORS processing are also given there. For previous X-ray results on NGC 1333, see also Getman et al. (2002) .
3 http://cxc.harvard.edu/ANCHORS 3. Results
Radio data

IC 348
Only five radio sources were detected in the two integrated IC 348 pointings above a significance of 5σ (map rms 14 µJy). In addition to using the AIPS task SAD, we have manually searched about 160 YSO positions reported by Lada et al. (2006) and Muench et al. (2007) for lower-significance detections in either the X or C-bands, if they were reasonably close to the pointing centers. This search resulted in two additional detections, VLA 2 and LRL 51. While VLA 2 has been reported as a radio source before, LRL 51 has not. Since LRL 51 is detected in both radio bands, it seems unlikely that this would be due to a chance alignment with a noise peak; see the discussion of chance alignments for NGC 1333 below.
In Table 2 , we list the total of seven radio detections in the nominal primary beam areas (FWHM) from both detection methods. Five sources can be identified with sources from the samples of Lada et al. (2006) and Muench et al. (2007) . These are HH 211-mm, a class 0 proto-star, LRL 52590 and LRL 51, class I sources, LRL 13 (class II), as well as LRL 49, a source listed as having a stellar SED (class III). Additionally, we note weak outflow-like emission on opposing sides of LRL 54459/54460 and LRL 57025, but these tentative detections are not listed in the source table. Source 7 does not have infrared or optical counterparts; it is thus probably extragalactic.
To identifiy signs of nonthermal emission, we have also searched Stokes-V maps for detections of circularly polarized soources, a telltale sign for gyrosynchrotron radiation. No sources were detected above 5σ in a Stokes-V map; the 3σ upper limits for the two brightest YSOs are 45 µJy, corresponding to upper limits for the circular polarization of LRL 52590 and LRL 49 of 3.5% and 8.2%. Additionally, we are particularly interested in radio counterparts with negative spectral indices, again indicative of nonthermal emission. However, we do not find clear cases of negative spectral indices. While LRL 13 only has a C band counterpart and remains undetected in the X band, the detection is too weak for the upper limit of the spectral index to be significant.
The low number of detections correspond to low detection rates since considerably more YSOs are located in the primary beam areas. Table 3 lists the different source types located in the primary beam areas of the X-band and C-band observations as well as the respective radio detections. As noted above, the C-band primary beam is larger than the X-band primary beam. All YSO classes have very low detection rates. Overall, only 10% of the class 0-II YSOs in the C-band primary beam areas were detected.
Our list of detections contains two of the four sources reported by Avila et al. (2001) in a deeper observation. For the two undetected sources, we can report upper limits. VLA 1 was reported with an X-band flux density of 0.14 mJy where we find an upper limit of < 0.07 mJy (5σ), and for VLA 4, the reported X-band flux density of 0.59 mJy compares to our upper limit of < 0.08 mJy (5σ). These two sources appear to have no known counterparts at other wavelengths and probably are variable extragalactic radio sources. Both VLA 2 and VLA 3 also show variability on the time scales of years. VLA 2 is slightly weaker, but statistically marginally compatible with the previous result while VLA 3 has become brighter. We summarize this comparison in Table 4 . Among our radio detections, only one source is located in the primary beam area of the Avila et al. (2001) observations, i.e., source 4, or LRL 13. However, we only detect the source in C band while Avila et al. (2001) only discuss X band data.
When imaging the two epochs of this experiment separately, some variability on time scales of days becomes apparent. Only two of the sources seen in the full dataset are detected at > 5σ in the single epochs and are listed in Table 5 . Interestingly, we also detect and list two more sources that are detected above the same threshold in only one of the two epochs and remain below the 5σ cutoff in the combined data (note that these are not included in Table 3 ). One is LRL 1888, listed by Muench et al. (2007) as a candidate class III member, and the other is unidentified, though within 1 ′′ of a previously listed infrared source ([PSZ2003] J034403.6+320520). Both detections are too weak for reliable determinations of spectral indices.
NGC 1333
We have used the same methods that were used for IC 348 for source detection in NGC 1333. An automatic search above a significance cutoff of 5σ was followed by a manual search for lowersignificance detections toward previously reported radio sources (Rodríguez et al. 1999) and YSOs (Gutermuth et al. 2008) ; the typical map rms is 20 µJy. Nine sources were detected by the automatic search while ten more sources were found manually. The resulting source list with 19 sources is shown in Table 6 .
At detection significance levels of 3σ, used in the manual search, the number of false detections due to noise peaks is no longer negligible. When using the total number of sources that we searched manually and assuming Gaussian noise, we expect ∼1-3 false detections in the X and C bands due to chance alignments of candidate sources and positive image pixels with > 3σ significance within the area of a synthesized beam. Note that this only holds for detections in just one of the two bands. While Table 6 also contains sources with singleband detections at levels of < 5σ, these could thus be chance alignments.
In addition to such alignments with noise peaks, there are also detections of extragalactic sources in Note.-The spectral index is only given when the corresponding error is ≤ 0.2. The second column refers to a detection in either of the two pointings, as defined in the text. The VLA designations are from Avila et al. (2001) and the LRL numbers and classifications are from Lada et al. (2006) and Muench et al. (2007) . The two thick disk sources from Lada et al. (2006) have different classes according to the spectral index criterion used by Muench et al. (2007) . For HH 211-mm, see Froebrich et al. (2003) . Table 2 . The spectral index is only given when the corresponding error is ≤ 0.2. the field of view of both clusters. Above the respective 5σ detection limits, we can expect about one extragalactic source in each X-band primary beam area and about three extragalactic sources in each C-band primary beam area (Windhorst et al. 1993) . The probability of a chance alignment of a known YSO in the manual search with an extragalactic source is, however, exceedingly low.
Out of 19 sources, ten can be identified with YSOs from Gutermuth et al. (2008) . One additional source, VLA 2a/b, has a millimeter counterpart has been described by Chandler & Richer (2000) and Chen et al. (2009) as a class 0 protostar, but it is an unresolved binary in our data. The source does not appear to have a mid-infrared (Spitzer -IRAC) counterpart and was not reported by Gutermuth et al. (2008) . Two of these YSOs have clearly negative spectral indices, the unresolved source VLA 2a/b and [GMM2008] 97. Source 10, while not selected as a Spitzer YSO, has been described as an M2.7 dwarf star by Wilking et al. (2004) . Stokes-V maps show that none of the NGC 1333 sources reported here have significant circular polarization.
Previously, Rodríguez et al. (1997) reported results from a comparable VLA observation of the region, resulting in the detection of sources VLA 1-4, all of which we can confirm, although the flux densities appear to have changed (Table 7) . Additionally, these detections can be compared to the deep radio study of the region by Rodríguez et al. (1999) . Their map is twice as deep as ours, with an rms noise of 10 µJy, and they detect 35 sources above a significance of 5 σ. These sources include 16 X-band detections above 0.10 mJy, corresponding to the 5σ cutoff used in our data. All but one of these sources are in the primary beam area (FWHM) of our southern pointing, but many remain undetected. However, Rodríguez et al. (1999) use a concatenated dataset consisting of several VLA observations in different configurations, requiring the use a common subset in the uv plane so that the beam size is ∼ 5 ′′ , emphasizing more extended structures than our setup. We have searched all 20 X-band detections reported by Rodríguez et al. (1999) for counterparts in our X-band data, and we find five additional radio sources that did not make our SNR cutoff; see Table 7 where we also compare the flux densities to the values given by Rodríguez et al. (1997 Rodríguez et al. ( , 1999 .
Only one source has a flux density that is statistically compatible with the previously reported value (within 1σ).
Finally, we report the radio detections of the different YSO evolutionary classes in Table 8. The  table lists the YSOs located in the primary beam areas and the detection counts. The resulting detection fractions are again low, if marginally higher than in IC 348. Across classes 0-II, 13% of the YSOs located in the C-band primary beam areas have been detected in either radio band.
We have again checked for source variability by separately imaging the two epochs. Only two sources are detected above a significance of 5σ in the two individual epochs, and they are listed in Table 9 . Both sources, VLA 2a/b and [GMM2008] 97 show some variability and have consistently negative spectral indices.
Summary
Between the two clusters IC 348 and NGC 1333, we report the detections of radio counterparts toward 16 YSOs, 11 of these are located in NGC 1333. None of these could be unambiguously identified as nonthermal radio sources due to polarization. Using simultaneously measured negative radio spectral indices and variability instead as proxies for nonthermal emission yields two nonthermal radio counterparts in NGC 1333 (VLA 2a/b and [GMM2008] 97). Vice versa, only a single source, the class I source LRL 52590, clearly appears to be a thermal source when judged by its radio spectral index of α = 0.25 ± 0.06.
X-ray data
The Chandra X-ray observations cover a considerably larger area than the VLA observations. In the following, we mainly focus on the Chandra X-ray data covering the VLA primary beam areas.
IC 348
In order to reduce and process the X-ray data, we have used the ANCHORS pipeline. Briefly, the two observations are combined for the purpose of detecting point sources. Two iterations with the ciao wavelet-based tool wavdetect were performed. The first pass took a square region 15 ′ on each side and centered at the aimpoint at full resolution. The second pass examined a larger (25 ′ ×25 ′ ) area Table 2 . The second column refers to a detection in either the northern (N) or the southern (S) pointing. The spectral index is only given when the corresponding error is ≤ 0.3. [GMM2008] in ID column abbreviated to [G08]; the VLA designations are from Rodríguez et al. (1997 Rodríguez et al. ( , 1999 Note.-The source positions are from Rodríguez et al. (1997) and Rodríguez et al. (1999) but have been converted to J2000. Note that the flux densities from (Rodríguez et al. 1999 ) are total fluxes while we quote peak flux densities. Flux densities have been corrected for primary beam attenuation.
a from Rodríguez et al. (1997 Rodríguez et al. ( , 1999 , flux density errors are listed there including all six ACIS chips with pixels binned by two. To measure source parameters, the two observations were analyzed separately. For the extraction regions of each source, the parameters of the ellipse-shaped point-spread function are interpolated from a lookup table (Allen et al. 2004 ) for a 95% encircled energy radius. The total counts are then scaled to 100%. In the combined dataset, 149 sources were identified. In the two single datasets, 134 sources and 109 X-ray sources were found in datasets 8933 and 8944, respectively. The field of view of the Chandra observations covers 60 YSOs listed in Lada et al. (2006, Table 10 lists the statistics of X-ray detections as a functions of object types, concatenated into totals for the different YSO classes. The table also contains information on the detection statistics for the nominal primary beam areas of the VLA observations. The X-ray detection fraction for the YSOs is ∼1/3 in object classes I-III. None of the class 0 sources were detected in X-rays. Table 11 lists the X-ray sources with counterparts in the YSO samples. Listed are the positional difference of the Xray detections compared to the sample, IDs, X-ray counts in both observations and information on variability, spectral and SED types. Apart from the 33 above-mentioned sources, the table lists two additional stellar sources listed by Lada et al. (2006) without an evolutionary class. LRL 1916, a class I source, shows the most spectacular variability between the two observations. The source is detected at 75 counts in the first observation, then drops to a nominal single count in the second observation.
NGC 1333
The data reduction of the NGC 1333 X-ray data is described by Winston et al. (2010) . These authors find X-ray counterparts to 54 previously known YSOs and identify 41 additional X-ray sources with infrared counterparts as diskless class III YSOs. The field of view of the Chandra observations covers 123 out of 137 candidate YSOs listed by Gutermuth et al. (2008) . As discussed by Winston et al. (2010) , roughly a third of the class I and flat-spectrum protostars and half of the class II sources are detected in X-rays. Again, none of the class 0 sources have X-ray counterparts.
Discussion
Combined X-ray and radio properties
The combination of the X-ray and radio data has been performed with a search radius of 1 ′′ . Using larger search radii up to 4
′′ did not increase the number of sources detected in both bands. In total, eight YSOs have been detected in both bands, four in each cluster. The X-ray fit results from ANCHORS, assuming an absorbed singletemperature APEC plasma, as well as X-ray and radio luminosities for these sources are shown in Table 13 . The X-ray and radio source positions coincide within the errors.
While the VLA and Chandra have similar angular resolution, the existence of multiple sources within a scale of about 1
′′ cannot be constrained from such data. Multiplicity could be due to both actual multiple stellar systems and a single object with distinct jet components. As a result, a perceived mismatch of X-ray and radio properties could be due to an unresolved multiple source.
Using the X-ray spectral parameters to predict the level of optically thin thermal free-free radio emission returns predicted flux densities that are up to 10,000 times less than what is observed. Other than these sources, several more are detected in just one of the two bands, but the overwhelming majority of Spitzer -selected YSOs are neither detected in X-rays, nor in centimetric radio emission.
In the following, we will separately assess the radio and X-ray detection fractions for class I and class II YSOs in the two clusters. For the sake of this discussion, we will leave out the class III sources since they are less completely catalogued in both clusters. In order to obtain a comparison between these detection fractions, we only take into account sources in the VLA primary beam (FWHM) areas. As shown in Table 14 , separately for IC 348 and NGC 1333, the detection fractions are very diverse. Note that some of the fractions are based on very low numbers and thus are quite uncertain. The radio detection fractions decline with evolutionary stage, similarly in both clusters, Table 10 IC 348: X-ray -detected YSOs in FOV-CXO w/X-ray also in FOV-VLA(C) w/X-ray Class 0  3  0  3  0  Class I  15  7  14  5  Class II  29  10  21  5  Class III  37  16  24  10 but no such trend is apparent in the X-ray detection fractions. The X-ray detection fractions of class I and II YSOs are up to ten times higher than the radio detection fractions, but there is also the curious case of class I protostars in NGC 1333 for which the radio and X-ray detection fractions are similar, but nevertheless due to almost completely distinct sets of sources. Only a minor fraction of YSOs is detected in both bands. The present results thus do not require a tight connection between the observed X-ray and radio emission. Compared to the range expected by the GB relation, the X-ray data are much more sensitive than the radio data, placing any radio detection with an X-ray upper limit off the Güdel-Benz relation by several orders of magnitude. For these data points, it is important to keep in mind that the observations in the two bands were carried out simultaneously so that variability cannot explain this discrepancy. While some of the YSOs with radio counterparts and X-ray upper limits are close to the radio detection limit and may be chance alignments (see above), there are also some clearly detected radio sources among the YSOs that do not have X-ray counterparts. The most striking example is the class 0 protostar source 11 in NGC 1333 with a radio flux density corresponding to a luminosity of L R = 7.0 × 10 16 erg s −1 but no X-ray detection. While here, any X-ray emission is likely extincted, the fact that this source is entirely incompatible with the GB relation may also point to a different radio emission mechanism, even though source 11 is among our candidate nonthermal sources due to its negative spectral index.
Since this comparison is limited by the sensitivity of the radio data presented here, it is too early to draw conclusions concerning the radio populations of the two clusters. However, we can compare our result to previously published observations. Applying the 5σ sensitivity limit of the present study to the results on CrA, as reported in the deep radio observations reported in Forbrich et al. (2006) and scaling to the distance of Perseus, shows that about half of the radio sources there would still be detected. While it thus seems likely that a genuine lack of radio activity plays a role in the low detection rate, the numbers involved are too low to warrant a firm conclusion.
Leaving aside the issue of non-detections in one of the two bands, we can compare the YSOs that were detected in both bands with corresponding sources from previous experiments. In spite of the fact that we do not know the dominating emission mechanism for most sources, it is also interesting to compare these YSOs to the empirical GB relation. Figure 2 shows all such sources from IC 348, NGC 1333, ρ Oph, CrA, and LkHα 101 (Gagné et al. 2004; Osten & Wolk 2009) , again relative to the GB relation. Also, we conservatively exclude sources with radio detection significance levels of < 5σ or less than 100 X-ray counts. Note that since the radio luminosities do not depend on a spectral fit, they are dominated by the measurement error. The X-ray luminosities, in contrast, can have uncertainties of order unity. Two things become apparent in this plot: 1) Compared to the GB relation, the YSOs appear to have higher radio luminosities for a given X-ray luminosity, and 2) there are no clear trends with evolutionary stage. About half of the sources are compatible with the GB relation even though there are sources that lie considerably below the GB relation, outside of its approximate bounds of plus or minus one order of Note.-X-ray data from Winston et al. (2010) . Note.-X-ray information is from ANCHORS for an energy range of 0.3-8.0 keV, spectral fits are only shown for sources with more than 100 counts. a C band for LRL 13 a In C-band primary beam area. Table 13 ) are marked by small circles.
magnitude. These sources are of all three evolutionary classes. Since all of these data points are due to simultaneous observations, variability plays only a minor role. Also, there are no clear trends concerning the type of emission and compatibility with the GB relation. For example, the thermal source LRL 52590 is the source that is least compatible with the GB relation in Figure 2 . However, also note the opposite example of source 11 above. These differences may indicate different radio emission mechanisms. In order to judge the significance of this result for YSOs in general it is important to keep in mind that this plot contains only a minor fraction of the YSOs that have been covered in the simultaneous X-ray and radio experiments. While many of the sources plotted appear radio bright, many other sources remain undetected. The detections are due to sources with extreme radio and X-ray luminosities, even though they do not represent all sources in this luminosity range. To illustrate this point, we can use the GB relation to determine the X-ray luminosity that corresponds to the approximate 5σ radio detection limit for IC 348 and NGC 1333, L X ∼ 6 × 10 30 erg s −1 . This X-ray luminosity limit would include the X-ray brightest ∼ 25% G and K pre-main sequence stars in Orion (Preibisch & Feigelson 2005) . None of the X-ray detected YSOs in NGC 1333 and IC 348 actually reach this luminosity. It is, however, noteworthy that six infrared-identified YSOs in NGC 1333 (from Gutermuth et al. 2008 ) have X-ray luminosities up to one order of magnitude below this number and lie within the VLA primary beam areas, but they do not have radio counterparts. A similar trend can be seen in the data presented by Gagné et al. (2004) . There, in ρ Oph, 26 X-ray sources are more luminous than the expectation for the lower limit of the GB relation at the 5σ radio detection limit. Of these X-ray sources, only 5 have radio counterparts. Given the radio sensitivity limits of the various studies, as shown in Figure 2 , sources that are undetected in the radio range could, however, well be compatible with the GB relation at lower luminosities.
A shift toward higher radio luminosities for given X-ray luminosities had already been noted by Güdel & Benz (1993) Fig. 2. -Plot of the X-ray and radio luminosities of all YSOs that have been simultaneously detected in both the X-ray and radio ranges by Chandra and the VLA, excluding sources with a radio detection significance of < 5σ and less than 100 counts in X-rays. The symbols '+', '×', and ' * ' indicate YSO classes I, II, and III, respectively. Apart from sources reported in this paper, and sources in ρ Oph from Gagné et al. (2004) , scaled to a distance of 130 pc, IRS sources are in CrA , and L1 stands for LkHα 101 (Osten & Wolk 2009 ). The central line marked "GB" indicates the Güdel-Benz relation with its upper and lower bounds, as reported by Güdel (2002) , shown as dashed lines. The vertical lines indicate the 5σ sensitivities of the different observations, as converted into radio luminosities at the respective distances. The limits are strictly for the simultaneous observations only (some regions have deeper radio and/or X-ray data from separate observations). The X-ray sensitivity limits are lower than the X-ray luminosity range shown (see Table 1 ). luminous sources were slightly offset toward higher radio luminosities, yet still within the quoted limits of the relation. Guedel et al. (1997) suggest that not only a high X-ray luminosity, but rather the presence of a hot plasma component is conditional for the detectability of a late-type star as a strong, nonthermal radio source. However, since we also find indications for YSOs with radio but no X-ray counterparts, this may not directly apply to YSOs. They also find that while X-ray emission saturates that does not seem to be the case for the non-thermal radio emission. Consequently, if all sources discussed here were X-ray-saturated, that could also explain an offset from the GB relation. However, it seems unlikely that this would explain the offsets shown in Figure 2 where the YSOs that are furthest off the GB relation have the lowest X-ray luminosities.
One important caveat in these comparisons to the GB relation is the nature of the radio emission for each single detection since the correlation is only valid for nonthermal emission. Among the sources reported in this paper, no source can conclusively be proven to be nonthermal due to the relatively low signal-to-noise ratios: No polarization was detected, and the error bars on the radio spectral indices also do not allow us to use them as definitive criteria. Among the class I sources in the literature, CrA-IRS 5 is known to show non-thermal radio emission (Feigelson et al. 1998 ). This source is compatible with the GB relation (Forbrich et al. 2006 . Potentially, the outlier sources have additional or alternative thermal radio components that would shift them toward higher radio luminosities. This thermal component would, however, in some cases have to account for several orders of magnitude in luminosity. A third and again completely different possibility involves coherent emission processes which, while present on the Sun (Benz et al. 2005 (Benz et al. , 2006 , have not yet been identified in YSOs.
While also the thermal X-ray emission of YSOs is known to be due to at least two different sources (coronal magnetic activity and accretion), this results primarily in different temperature components in the X-ray emission, generally of similar luminosities. For our comparison of X-ray and radio luminosities, the interpretation of X-ray luminosities should thus be more straightforward.
Summary and Conclusions
We present simultaneous X-ray and radio observations of IC 348 and NGC 1333. Only three other clusters have previously been observed in this way. In summary, our main conclusions are as follows:
• The radio detection fraction for class I and class II YSOs is generally much lower than the X-ray detection fraction, particularly for the class II sources. The radio detections are not solely a subset of the X-ray detected sources. Very few YSOs (∼ 5%) are detected in both bands. The percentage of such Xray-radio detections is marginally higher for class I protostars than for class II sources.
• We find a few YSOs that are detected in only one band (X-ray or radio), even though they should be easily detectable in the other band if the GB relation is applicable to these sources. Extinction helps to explain Xray non-detections, but whether radio nondetections of X-ray sources are due to insufficient sensitivity remains unclear.
• The currently known sample of YSOs that have been simultaneously detected in both the X-ray and radio bands (across several clusters) shows that the corresponding luminosities of only about half of these sources are within one order of magnitude of the GB relation while the other half is shifted toward higher radio luminosities for a given X-ray luminosity.
• Compared to early results on the GB relation almost 20 years ago, simultaneous Xray and radio data are now available for several source populations, minimizing the effect of variability. Also, the X-ray properties of YSOs in particular are much better defined while there has been comparably little progress on their centimetric radio properties.
• A key uncertainty in these comparisons is the nature of the radio emission since these relatively weak radio sources cannot unambiguously be identified as nonthermal radio sources. Also the radio luminosity function for these sources is basically unknown. Radio sensitivity strongly limits the size of the dataset which can be compared to the GB relation. With the advent of the Expanded Very Large Array, the number of YSOs with defined radio properties can be expected to increase significantly. With such observations, it will be possible to look for fainter radio sources and to determine the radio luminosity function for entire YSO populations.
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